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The  probes  we  have  used  include  photoelectron  spectroscopy  (XPS  and  UPS  •  with  an 
emphasis  on  angle-resolved  studies  using  synchrotron  radiation)  and  yield  spectroscopy, 
electron  energy  loss  spectroscopy,  low  energy  electron  diffraction  and  theoretical  band 
structure  methods.  Our  research  has  included  studies  of  well  characterized  surfaces  of  silicon 
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of  our  research  program  has  been  the  development  for  the  first  time  of  accurate  experimental 
methods  for  determining  the  electron  energy  vs  momentum  band  dispersions  E(?)  of  materials 
and  their  surfaces;  such  E(T)  dispersions  are  of  central  importance  in  solid  state  physics  in 
understanding  the  electronic,  physical  and  chemical  properties  of  materials. 
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I.  HIGHLIGHTS 


Significant  and  extensive  progress  in  understanding  the  electronic  structure  and  properties 
of  semiconductor  surfaces  and  semiconductor  interfaces  as  well  as  selected  metallic  and 
semiconductor  materials  has  been  accomplished  under  Air  Force  Office  of  Scientific  Research 
Contract  F44620-76-C-0041  [Oct.’75-Sept.’79].  Techniques  which  have  been  used  include 
photoelectron  spectroscopy  (with  an  emphasis  on  angle-resolved  photoemission  using  synchro¬ 
tron  radiation),  low  energy  electron  diffraction  (LEED),  electron  energy  loss  spectroscopy  and 
Auger  spectroscopy,  as  well  as  realistic  band  structure  calculations  for  surfaces  and  bulk 
materials.  In  summary,  34  research  papers  have  been  published  under  this  contract  (see 
Section  m)  on  the  electronic  structure  of  (a)  semiconductor  surfaces  and  interfaces,  (b)  group 
IV  and  III-V  semiconductors,  (c)  metal  surfaces,  (d)  metals  and  metallic  compounds,  and  (e) 
many-electron  effects.  As  selected  examples,  three  major  highlights  are  described  in  this 
Section:  (1)  New  instrumentation — a  display  analyzer  system  for  photoemission,  (2)  band 
structure  determination  of  semiconductor  surfaces — Si(100)-(2x  1)  and  (3)  band  structure 
determination  of  bulk  semiconductors — GaAs.  A  major  accomplishment  of  our  research 
program  has  been  the  development  for  the  first  time  of  accurate  experimental  methods  for 
determining  the  electron  energy  vs  momentum  E(T)  band  dispersions  of  surfaces  and  bulk 
materials.  Such  one-electron  band  dispersions  E(£)  are  of  central  importance  in  solid  state 
physics  in  understanding  the  physical,  chemical  and  electronic  properties  of  materials  and  their 
surfaces  and  interfaces. 

Ellipsoidal  Mirror  Display  Analyzer  System  for  Electron  Energy  and  Angular 
Measurements.  A  new  type  of  electron  energy  analyzer1  (Fig.  1)  with  full  angular  display 
(~  2  steradians)  has  been  conceived  and  constructed  by  D.E.  Eastman  at  IBM  which  is 
successfully  operating  at  the  Synchrotron  Radiation  Center  at  the  University  of  Wisconsin- 
Madison.  This  is  the  first  display-type  spectrometer  and  has,  for  many  types  of  measurements, 
an  unprecedented  performance  -  better  than  100  meV  energy  resolution  and  ~2t>  angular 
resolution  with  total  data  rates  ~100  times  greater  than  other  spectrometers.  The  design  and 
development  were  motivated  by  the  objective  of  constructing  a  high-resolution  analyzer  system 
capable  of  the  combined  measurements  of: 

(1)  angle-resolved  XUV  photoemission  spectroscopy  (ARPES)  with  a  polarized  synchro¬ 
tron  radiation  source 

(2)  angle-integrated  XUV  photoemission  spectroscopy 

(3)  efficient  Auger  electron  spectroscopy  (AES) 

(4)  low-energy  electron  diffraction  (LEED). 

The  primary  motivation  was  ARPES  gpth  synchrotron  radiation,  for  which  the  differential 
photoemission  cross  section  N(E,hr,k,ep,n)  involves  the  measurement/control  of  four 
continuous  variables  (electron  energy  E,  photon  energy  hr,  and  two  independent  components 
of  momentum  ?,  i.e.,  the  angular  direction)  as  well  as  the  polarization  ep  of  the  radiation  and 
crystallographic  direction  n  of  the  single  crystal  sample.  This  new  display-type  spectrometer 
system,  which  incorporates  a  separate  UHV  sample  preparation  chamber,  has  been  combined 
with  a  novel  TGM  monochromator  that  covers  the  entire  spectral  range  (5  £  hr  £  150  eV)  of 
the  240  MeV  storage  ring  radiation  source  at  the  University  of  Wisconsin-Madison.  It  has 
been  used  for  several  types  of  angle-resolved  and  angle-integrated  electron  spectroscopies  — 
photoemission,  Auger,  energy  loss  as  well  as  elastic  and  inelastic  low  energy  electron  diffrac¬ 
tion  (LEED  and  ILEED)  for  about  two  years  with  great  success.  This  system  has  been  of 
central  importance  in  attaining  a  major  achievement:  the  development  of  techniques  for 
accurately  determining  one-electron  band  dispersions  E(f)  for  solids  and  surfaces.  These 
results  are  summarized  in  Section  m. 
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A  description  of  the  principles  of  operation  and  features  of  the  electron  imaging  two- 
dimensional  display  spectrometer  system,  schematically  shown  in  Fig.  1,  is  as  follows.  A  top 
view  is  depicted  in  Fig.  1,  with  hr  denoting  the  radiation  (horizontally  polarized  monochro¬ 
matic  synchrotron  radiation)  which  enters  through  a  hole  in  the  ellipsoidal  mirror  at  34°  below 
the  horizontal  plane,  e-AES  denotes  an  electron  source  (~  1-2  keV)  for  Auger  spectroscopy, 
and  e-LEED  denotes  an  electron  source  (0-400  eV)  for  LEED  studies.  Combined  energy  and 
angular  analyses  are  achieved  by  using  two  retarding  fields:  an  ellipsoidal  mirror  (Vr)  used  in 
a  reflection  mode  as  a  low-pass  energy  filter,  and  a  spherical  4-grid  stage  (retard  grid  shown, 
Vt)  used  in  a  transmission  mode  as  a  high-pass  filter.  With  an  energy  overlap  of  the  two 
filters  for  electrons  emitted  in  any  direction  within  the  acceptance  angle  of  the  analyzer  (3 
directions  shown),  the  analyzer  transmits  electrons  only  in  a  narrow  energy  range  AE  about 
the  pass  energy  Ep  *  eVt.  By  suitably  adjusting  Vr  and  Vt ,  an  energy  resolution  AE«0. 1  eV 
or  larger  can  be  selected  (~lmm  diameter  source  size,  Ep~10eV)  while  accepting  the  full  solid 
angle.  A  two-dimensional  position-sensitive  detector  stage  follows  the  high  pass  filter.  This 
consists  of  two  continuous  electron  multiplier  arrays  (CEMA)  with  a  gain  of  ~107  followed  by 
a  phosphor  screen.  The  electron  pulses  (~2ns)  leaving  the  CEMA  are  accelerated  and 
converted  to  light  pulses  (~10*  photons/pulse)  at  the  phosphor  screen,  which  are  viewed  and 
recorded  through  a  viewport.  Electrons  reaching  the  detector  stage  have  a  one-to-one 
relationship  between  their  angular  direction  and  detected  position. 

Two  angle-resolved  detectors  for  ARPES  are  used.  Namely,  the  image  on  the  screen  is 
viewed  through  a  viewport  with  a  beam-splitting  mirror  while  a  second  mirror  and  lens  form 
an  image  of  the  screen  (Fig.  1).  There  is  a  single-channel  angle-resolved  detector  (acceptance 
Stm 2°-35°  full  angle)  which  has  an  adjustable  optical  iris  in  this  image  plane  (x  and  y 
coordinates  and  size  are  electronically-controlled)  followed  by  a  photomultiplier  counting 
system.  This  detector  views  a  selected  direction  and  digitally  counts  all  electron  events  within 
an  acceptance  angle  66.  Counting  rates  are  typically  104-105  c/s  for  66at4°-10°, 
AE*0. 1-0.3  eV,  and  hr~8-50  eV. 

The  second  angle-resolved  detector  is  a  two-dimensional  digital  data  acquisition  system 
which  utilizes  the  full  capability  of  the  analyzer.  As  schematically  shown  in  Fig.  1,  this 
consists  of  a  silicon-intensified-target  (S.I.T.)  video  camera  which  records  all  electron  events 
and  reads  them  (video  rates  of  ~3.5  megaband  pixel  rate)  into  a  two-dimensional  multichannel 
analyzer  (2-D  MCA)  which  is  controlled  by  an  IBM  Series/ 1  computer  system  that  collects, 
processes,  and  transfers  data  pictures  to  a  Tektronix  4015  graphics  terminal  and  to  the  IBM 
370/168  computer  system  at  IBM  Research,  Yorktown  Heights,  New  York,  over  a  9600  baud 
line.  The  MCA  (Quantex  Model  DS12)  has  256x256«65,536  channels  or  pixels,  each  with  a 
12-bit  word.  Each  channel,  which  corresponds  to  an  angle  of  ~l/3°x  1/3°,  can  be  operated 
in  a  counting  mode  or  a  signal-averaging  (ratemeter)  mode.  Energy  distribution  "pictures" 
(EDP’s)  can  thus  be  taken  and  stored.  Subsequently,  angle-resolved  energy  distributions 
(AREDC’s)  for  arbitrary  directions  can  be  selected  from  these  "EDP’s"  and  viewed.  Angle- 
integrated  spectra  are  simply  obtained  by  summing  all  pixels  of  each  full  picture  and  plotting 
each  picture  sum  versus  electron  energy. 

Electronic  Structure  of  Surfaces —  E(k)  Band  Dispersions  for  Si(I00)-(2x  1)  Surface. 
The  Si(100)  surface  is  the  standard  substrate  used  for  MOSFETS  and  has  been  studied 
extensively.  When  prepared  with  a  clean  surface,  Si(100)  reconstructs  with  a  (2x1)  surface 
unit  mesh,  as  seen  by  low  energy  electron  diffraction  (LEED).  The  reconstructed  Sid  00)- 
(2x1)  surface  has  been  the  subject  of  many  theoretical  studies  and  experimental  studies, 
including  photoemission,2  LEED,3  and  electron  energy  loss  spectroscopy.  Various  structural 
models  have  been  proposed  and  studied  for  this  reconstructed  surface,  including  a  number  of 
different  pairing  models3*3*8-11’12  and  vacancy  models.5'6’8’10'12  Several  different  conclusions 
have  been  reached  concerning  the  structure  of  the  Si(100)(2xl)  surface  via  calculations  of 
LEED3’12  and  photoemission  spectra6’7  and  comparison  with  experimental  data.  A  "zig-zag" 
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chain  model  has  been  proposed  which  is  based  on  a  LEED  intensity  analysis;3  a  self-consistent 
surface  calculation  for  this  model  yields  metallic  surface  state  bands.7  Self -consistent  surface 
calculations  have  also  been  performed  for  a  vacancy  model  and  a  dimer-like  pairing  model,6*8 
as  well  as  for  the  ideal  unrelaxed  and  unreconstructed  surface.7*8  This  dimer-like  pairing  model 
has  been  suggested  as  a  preferred  model,  based  on  a  comparison  with  angle-integrated 
photoemission  data.3  All  of  these  models  for  Si(100)(2xl)  produce  metallic  surface  state 
bands,  as  does  the  ideal  unreconstructed  Si(100)  surface  geometry. 

We  have  obtained  new  information  about  the  surface  state  bands  near  the  top  of  the 
valence  bands  using  angle-resolved  photoemission  spectroscopy  with  the  synchrotron  radiation 
source  at  the  University  of  Wisconsin-Madison.  In  particular  we  have  measured  the  surface 
density  of  states  and  one-electron  surface  band  dispersions  E(k  | ).  Experimentally  we  find  that 
the  surface  state  bands  are  semiconducting,  not  metallic  as  previously  believed,  and  observe 
energy  band  dispersions  that  disagree  with  all  presently  available  model  calculations. 

A  summary  of  our  findings  is  presented  in  Fig.  2,  where  the  surface  state  energy  vs 
momentum  band  dispersion  E(k|)  along  the  [010]  crystal  direction  is  shown  (solid  line), 
together  with  the  "best"  previous  theoretical  band  dispersion  due  to  Appelbaum  and 
Hamann,8  who  "fit"  previous  photoemission  and  LEED  results  (Tj  is  the  electron  wavevector 
parallel  to  the  surface).  In  Fig.  2,  EF  denotes  the  Fermi  energy  while  the  right  side  of  the 
figure  denotes  the  energy  position  of  the  underlying  bulk  Si  band  gap.  It  is  seen  in  Fig.  2  that 
theory  (dimer  model8)  predicted  a  metallic  surface,  with  two  surface  state  bands  crossing  Ep 
in  the  band  gap  above  the  valence  band  maximum.  In  contrast,  experimentally  we  observe 
that  the  surface  is  semiconducting  with  a  ~0.7eV  gap  between  Ep  and  the  surface  state  band 
which  disperses  from  -0.7  eV  at  T  «■  0  to  -1.1  eV  at  the  surface  Brillouin  zone  boundary 
[010].  Our  results  disagree  qualitatively  with  all  surface  state  dispersions  calculated  previous¬ 
ly,  i.e.,  the  ideal  surface,  the  vacancy  model,  the  pairing  model,  and  the  zig-zag-chain  model, 
and  have  stimulated  new  work  on  the  Si(100)  surface. 

Experimental  Energy  vs.  Momentum  E(k)  Band  Dispersions  for  Solids:  GaAs.  We  have 
developed  accurate  new  methods  for  directly  determining  the  energy  band  dispersions  E(1c)  of 
a  variety  of  materials  semiconductors,  metals,  metallic  compounds,  etc.,  using  angle-resolved 
photoemission  with  synchrotron  radiation.  Such  measurements  are  of  fundamental  interest  in 
solid  state  physics  because  a  knowledge  of  one-electron  energy  bands  is  central  to  understand¬ 
ing  many  physical  and  chemical  properties  of  materials.  As  an  example  of  our  many  studies,  a 
brief  description  of  our  determination  of  the  E(f)  dispersions  of  the  prototype  III-V  semicon¬ 
ductor  GaAs  is  given. 

For  semiconductors,  despite  numerous  reported  studies,  only  rather  limited  experimental 
information  about  band  dispersions  has  been  obtained  previously.  In  particular,  GaAs,  being 
technologically  important,  has  attracted  much  attention  and  is  a  model  system  for  photoemis- 
sion  studies.  We  have  determined  the  experimental  band  dispersions  E(£)  of  GaAs  for  the 
first  time13*14  along  all  three  major  symmetry  directions  T-Z-X,  T-A-X  and  T-A-L.  Our 
accomplishments  have  been  two-fold:  (i)  to  give  a  relatively  more  complete  one-electron 
description  for  GaAs  from  experimental  measurements,  and  (ii)  to  illustrate  the  usefulness  and 
success  of  such  techniques  which  are  of  general  utility  for  many  materials. 

Experimental  band  dispersions  E(X)  for  GaAs  have  been  determined  along  TZX,  TAL, 
and  TAX  and  are  summarized  in  Fig.  3  (circles,  squares,  crosses,  and  diamonds).  For 
comparison,  we  show  calculated  dispersions  (dashed  lines)  based  on  a  nonlocal  pseudopoten¬ 
tial  model  fit  to  optical  and  angle-integrated  photoemission  data.  The  theory  agrees  fairly  well 
for  GaAs  (within  ~0.4  eV,  worst  case),  which  is  the  best  understood  III-V  semiconductor.  In 
Fig.  3,  E(t)  dispersions  along  TZX  (circles)  were  determined  using  normal  emission  from 
GaAs(UO)  with  photon  energies  in  the  25  <  hr  <  100  eV  range.  The  same  GaAs(llO) 
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surface  was  used  to  determine  E(lc)  dispersions  along  TAL  (diamonds),  TAX  (squares)  and 
along  r2X  (crosses)  using  angular-  and  h independent  angle-resolved  photoemission 
techniques.13’14  These  techniques,  which  have  been  worked  out  for  semiconductors  for  the 
first  time,  are  of  general  utility  and  have  been  successfully  applied  to  a  number  of  selected 
materials  (see  Summary  Section). 
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TWO-DIMENSIONAL  ELECTRON  SPECTROMETER 
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Figure  1  Schematic  diagram  (top  view)  of  two-dimensional  electron  spectrometer 

system.  The  retarding  field  ellipsoidal  low  pass  filter,  retarding  field  spherical 
grid  high  pass  filter,  and  an  area  detector  which  consists  of  a  CEMA  multiplier 
and  phosphor  screen  are  shown.  Several  detectors  for  angle-resolved  PE S, 
angle-integrated  PES  and  Auger  measurements  are  schematically  shown, 
including  a  data  acquisition  system  for  recording  digitally  the  entire  screen. 
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Si  (100)  SURFACE-(2xl) 


ENERGY (V) 


VELOCITY 

(MOMENTUM) 

Energy  band  dispersion  for  surface  states  on  Si(100)-(2x  1)  surface.  The 
theory  curves  (dotted)  (Ref.  8)  correspond  to  a  metallic  surface  with  surface 
states  in  the  fundamental  gap  while  we  have  experimentally  determined  that 
there  are  lower-lying  surface  states  with  a  semiconducting  surface. 


Figure  2 


INITIAL  STATE  ENERGY  Ej  (eV) 


11 


CRYSTAL  MOMENTUM  (k) 


Experimental  energy  band  dispersion  E(k)  along  the  three  main  symmetry 
directions  for  GaAs  (circles,  crosses,  diamonds,  squares;  see  text).  The  dashed 
line  depicts  a  theoretical  calculation  by  Pandey  and  Phillips  using  a  nonlocal 
pseudopotential  which  was  fit  to  optical  and  photoemission  data. 


Figure  3 
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II.  SUMMARY  OF  WORK  COMPLETED  UNDER  CONTRACT 

In  the  following,  a  brief  summary  is  given  of  published  research  papers  that  were  supported  in 
part  by  the  Air  Force  Office  of  Scientific  Research  under  contract  F446720-70-C-0089.  For 
clarity,  these  research  papers  (34  in  all)  have  been  grouped  into  five  sub-areas  of  research: 


A.  Electronic  structure  of  semiconductor  surfaces  and  interfaces. 

B.  Electronic  structure  of  group  IV  and  group  m-V  semiconductors. 

C.  Electronic  structure  of  metal  surfaces. 

D.  Electronic  structure  of  metals  and  metallic  compounds. 

E.  Studies  of  electronic  many-electron  effects. 


A.  Electronic  Structure  of  Semiconductor  Surfaces  and  Interfaces. 

1.  Empty  surface  states  on  semiconductors:  Their  interactions  with  metal  overiayers  and 
their  relation  to  Schottky  barriers. 

Measurements  we  have  made  of  (EF-EV)  surface  for  n-type  GaAs  (110)  indicate 
that,  contrary  to  some  previous  publications,  there  are  no  unoccupied  surface 
states  in  the  band  gap  of  GaAs(llO),  i.e.,  (EF-Ev)surface  is  equal  to  the  band 
gap.  This  result  has  two  major  implications:  (1)  (EF-EV)  surface  is  exceedingly 
sensitive  to  the  quality  of  the  cleavage,  as  well  as  to  low  exposures  (<1L)  of 
residual  gases  in  UHV  systems  (even  though  gas  sticking  probabilities  appear 
to  be  low);  thus  considerable  care  must  be  executed  in  using  band  bending 
measurements  as  a  probe  of  surface  states.  (2)  Partial  yield  and  electron- 
energy-loss  measurements  show  transitions  from  core  levels  to  unoccupied 
surface  states  at  energies  that,  in  the  absence  of  excitonic  shifts,  would  place 
the  one-electron  energy  of  these  unoccupied  surface  states  on  GaAs(llO) 
~  0.5  eV  below  this  observed  position  of  EF.  One  must  therefore  conclude 
that  these  transitions  involve  strong  excitonic  binding,  with  an  exciton  binding 
energy  Ee,  >  0.6  eV  for  GaAs(llO).  (W.  Gudat,  D.  E.  Eastman,  and  J.  L. 
Freeouf,  J.  Vac.  Sci.  Technol.  13,  250  (1976).) 

2.  Electronic  surface  properties  of  m-V  semiconductors:  Excitonic  effects,  band-bending 
effects,  and  interactions  with  Au  and  O  adsorbate  layers. 

Photoemission  studies  of  valence  bands,  core  levels,  empty  surface  states,  and 
band  bending  for  cleaved  GaAs  (110)  are  described.  These  studies  show  that 
there  are  no  intrinsic  band-gap  surface  states  for  GaAs  (110),  and  that  large 
(S>  0.5  eV)  excitonic  binding  energies  are  involved  in  core-level-to-empty- 
surf ace-state  transitions  (e.g.,  using  yield  spectroscopy  or  electron  energy-loss 
spectroscopy).  Studies  of  the  effects  on  chemisorbed  oxygen  and  thin  Au 
overiayers  on  InAs  (110)  and  GaAs  (110)  surfaces  are  also  described.  Trends 
and  correlations  in  III-V  semiconductor  empty  surface  states  are  discussed. 
(W.  Gudat  and  D.  E.  Eastman,  J.  Vac.  Sci.  Technol.  13,  831  (1976).) 

3.  Photoemission  and  band  structure  studies  of  the  GaAs(llO)  Surface. 

We  have  studied  the  electronic  and  geometrical  structure  of  the  cleaved 
GaAs(llO)  surface,  using  experimental  ultraviolet  photoemission  spectroscopy 
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(UPS)  of  both  filled  and  empty  surface  states  together  with  tight-binding 
calculations.  We  have  considered  several  different  types  of  structural  models, 
including  the  relaxation  model  in  which  surface  Ga  atoms  move  into,  and  As 
atoms  move  out  of,  the  surface  by  an  amount  such  that  the  plane  through  the 
nearest  neighbor  Ga  and  As  atoms  makes  a  tilt  angle,  0T  ,  with  the  corre¬ 
sponding  plane  in  the  ideal  surface  while  bond  lengths  remain  constant.  We 
show  that  this  model  with  a  tilt  angle  0T  ~  19°  —  in  contrast  with  0T  ~  35° 
as  previously  concluded  from  a  LEED  (low  energy  electron  diffraction) 
analysis  —  adequately  accounts  for  the  photoemission  spectroscopy  data.  A 
description  of  the  nature  of  surface  states  including  the  local  s-  and  p-orbital 
densities  of  states  and  dispersion  relations  is  given  for  this  relaxation  model. 
(K.  C.  Pandey,  J.  L.  Freeouf,  and  D.  E.  Eastman,  J.  Vac.  Sci.  Technol.  14, 
904  (1977).) 

4.  Chemisorption  of  chlorine  on  Si(lll)  7x7  and  lxl  surfaces. 

Using  ultraviolet  photoemission  spectroscopy  (UPS)  in  conjunction  with 
theoretical  calculations,  we  have  studied  the  reaction  of  gaseous  chlorine  with 
Si(lll)  7x7  and  lxl  surfaces.  The  UPS  spectra  of  the  two  chlorine  saturat¬ 
ed  surfaces  are  very  similar  and  consist  of  four  peaks,  a  sharp  main  peak  at 
—  10.7  eV  and  smaller  ones  at  —7.5,  —13.0,  and  —15.7  eV  relative  to  the 
vacuum  level.  Both  the  peak  positions  and  their  relative  intensities  are  in 
quantitative  agreement  with  a  theoretical  calculation  for  a  structural  model  in 
which  a  single  chlorine  atom  sits  on  top  of  each  surface  Si  atom,  indicating 
that  Cl2  decomposes  at  the  surface  to  make  strong  covalent  bonds  with  Si. 
(K.C.  Pandey,  T.  Sakurai,  and  H.D.  Hagstrom,  Phys.  Rev.  B 16,  3648  (1977).) 

5.  Reaction  of  atomic  hydrogen  with  Si(lll)  surfaces:  formation  of  monohydride  and 
trihydride  phases. 

By  using  a  realistic  tight-binding  or  LCAO  (linear  combination  of  atomic 
orbitals)  model,  detailed  calculations  of  surface  states,  local  densities  of  states, 
and  theoretically  simulated  photoemission  spectra  have  been  carried  out  for 
two  qualitatively  distinct  structural  models  for  chemisorption  of  atomic  hydro¬ 
gen  on  Si(l  11)1x1  surfaces.  In  the  low-coverage  model,  called  the  monohy¬ 
dride  phase  or  Si(lll):H,  it  is  assumed  that  a  single  hydrogen  atom  sits  on  top 
of  each  surface  Si  atom,  thus  saturating  all  dangling  bonds.  In  the  high- 
coverage  model,  designated  as  the  trihydride  phase  or  Si(lll):SiH3,  SiH3 
radicals  are  bonded  to  the  surface  Si  atoms.  Due  to  the  radically  different 
atomic  structures,  the  theoretical  spectra  of  the  two  phases  show  striking 
differences.  A  comparison  of  the  theoretical  spectra  with  the  ultraviolet 
photoemission  spectra  taken  during  hydrogen  chemisorption  on  the  quenched 
Si(l  11)1x1  surface  clearly  shows  that  at  low  coverages  the  monohydride  is 
formed,  while  at  high  coverages  the  trihydride  phase  is  formed.  Formation  of 
the  monohydride  phase  is  expected  on  simple  chemical  and  structural  consider¬ 
ations,  and  it  has  been  observed  on  other  Si  surfaces.  However,  formation  of 
the  trihydride  phase  is  unique  to  Si(  111)1x1  and  as  such,  it  has  important 
implications  regarding  the  structure  and  stability  of  clean  Si(  111)1x1.  (K.  C. 
Pandey,  IBM  Journal  of  Research  and  Development,  22,  250  (1978).) 

6.  Atomic  and  electronic  structure  of  semiconductor  surfaces 


The  electronic  structure  of  surfaces,  which  can  be  determined  by  various 
electron/ion  spectroscopies  including  ultraviolet  photoemission  spectroscopy 
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(UPS),  is  dependent  on  the  surface  atomic  geometry.  Thus,  it  is  possible  to 
determine  the  surface  atomic  structure  via  structure-dependent  theoretical 
analyses  of  these  experimental  spectra.  Because  of  the  complexity  of  such 
systems,  a  simple  but  accurate  theoretical  scheme  is  required.  We  show  that 
the  valence  electronic  states  and  atomic  structures  of  semiconductor 
surfaces — both  clean  and  with  chemisorbed  species  as  well  as  relaxed  and/or 
reconstructed— -can  be  determined  using  a  tight-binding  model.  Such  calcula¬ 
tions  together  with  UPS  data  show  that  the  annealed  Si(l  11)7x7  surface 
contains  about  25%  vacancies.  For  GaAs(llO),  we  have  found  that  the  Ga 
atoms  move  into,  and  As  atoms  move  out  of  the  surface  with  small  bond 
length  distortions  so  that  a  plane  through  them  makes  an  angle  of  about  20° 
with  the  surface.  We  show  that  H  chemisorbed  on  Si(lll)  has  two  distinct 
structural  phases:  a  monohydride  phase  at  low  coverages,  and  a  rather  unex¬ 
pected  trihydride  phase  at  high  coverages.  (K.  C.  Pandey,  Physics  of 
Somicomdoctors,  1978,  Inst,  of  Phys.  Conf.  Series  43,  Bristol  and  London, 
1051  (1979)). 

7.  Atomic  and  electronic  structure  of  Si(l  11)7x7  surface. 

Calculations  of  the  surface  electronic  structure  of  the  Si(l  11)7x7  surface  for 
several  different  structural  models  have  been  carried  out.  Two  structural 
models,  a  vacancy  model  and  a  buckled  surface  model,  give  surface  electronic 
structures  consistent  with  angle-averaged  photoemission  spectra.  However,  the 
origin  and  symmetry  of  surface  states  in  the  two  models  are  different.  We 
point  out  that  these  differences,  in  conjunction  with  further  experiments,  can 
be  used  to  decide  between  the  two  models.  (K.  C.  Pandey,  Physics  of  Semi¬ 
conductors  1978,  Inst,  of  Phys.  Conf.  Series  43,  Bristol  and  London,  1051 
(1979).) 

8.  Surface  electronic  structure  studies  of  GaAs(llO). 

Angle-resolved  photoemission  using  synchrotron  radiation  from  GaAs(llO) 
has  been  studied  in  conjunction  with  tight  binding  calculations  of  the  surface 
electronic  structure.  Emission  from  two  new  surface  resonances — which  were 
predicted  to  exist  only  for  a  relaxed  surface— -have  been  identified  near  the 
edges  of  the  surface  Brillouin  zone  at  X  and  X'.  Also,  measurements  of  the 
dispersion  of  the  As-derived  surface  state  near  the  valence  band  maximum, 
first  reported  elsewhere,  have  been  extended  from  T  to  the  zone  edge  X  and  a 
band  width  of  0.6  eV  has  been  determined.  All  of  these  observations,  includ¬ 
ing  those  reported  elsewhere  of  intrinsic  surface  states  on  GaAs(llO)  are 
accounted  for  by  a  tight  binding  model  calculation  for  a  relaxed  surface 
(~  19°  bond  angle  rotation).  (J.  A.  Knapp,  O.  E.  Eastman,  K.  C.  Pandey, 
and  F.  PateUa,  J.  Vac.  Sci.  Technol.  15,  1252  (1978).) 

9.  Angle-resolved  photoemission  studies  of  semiconductor  bulk  and  surface  states. 

Polarization-dependent  angle-resolved  photoemission  studies  using  synchrotron 
radiation  together  with  theoretical  models  permit  both  energy  and  momentum 
information  (e.g.,  E  (?)  dispersions)  to  be  obtained  for  semiconductor  bulk 
and  surface  states.  Illustrative  applications  for  intrinsic  surface  states 
(Si(lll)-(7x7)),  adsorbate  states  (Si(lll):H),  and  bulk  electronic  states 
(GaAs(llO))  are  described.  (D.  E.  Eastman,  F.  J.  Himpsel,  J.  A.  Knapp  and 
K.  C.  Pandey,  Physics  of  Somkomhsctors  1978,  Inst,  of  Phys.  Conf.  Series  43, 
Bristol  and  London,  1059  (1979).) 


IS 


10.  Quantum  photoyield  of  diamond(lll)  —  a  stable  negative  affinity  emitter. 

Quantum  photoyield  and  secondary  electron  distributions  have  been  measured 
for  an  unreconstructed  diamond(ill)  surface  (type  Ub,  gem  quality  blue-white 
semiconductor).  This  chemically  inert  surface  exhibits  a  negative  electron 
affinity,  resulting  in  a  stable  quantum  yield  that  increases  linearly  from  pho- 
tothreshold  (5.5  eV)  to  ~  20%  at  9  eV,  with  a  very  large  yield  of  ~  40-70% 
for  13  $  hy  S  35  eV.  For  all  photo  energies,  secondary  electron  energy 
distributions  show  a  dominant  ~  0.5  eV  wide  emission  peak  at  the  conduction 
band  minimum  (Aj^-S.SOiO.OS  eV  above  the  valence  band  maximum  r25'). 
In  contrast  with  recent  self-consistent  calculations  (J.  Dim,  S.G.  Louie,  and 
M.L.  Cohen,  Phys.  Rev.  B 17,  769  (1978)),  no  occupied  intrinsic  surface 
states  with  ionization  energies  in  the  fundamental  gap  (the  Fermi  level  was 
1  eV  above  r2S;)  were  observed.  Likewise,  the  measured  photothreshold 
(EViC-  r25')  is  significantly  smaller  than  calculated  (7.0±0.7  eV).  (F.  J. 
Himpsel,  J.  A.  Knapp,  J.  A.  VanVechten  and  D.  E.  Eastman,  Phys.  Rev.  B 20, 
624  (1979).) 

11.  Photoemission  studies  of  intrinsic  surface  states  on  Si(100). 

We  have  determined  the  energy  vs  k|  dispersion  of  intrinsic  surface  states  on 
Si(100)  (2x1)  by  means  of  angle-resolved  photoemission  with  synchrotron 
radiation.  For  kj  «0,  there  is  a  very  pronounced  surface  state  0.7  eV  below 
Ep(i.e.,  ~  0.4  eV  below  the  top  of  the  valence  band)  which  disperses  down¬ 
wards  with  increasing  k  , .  At  V  on  the  boundary  of  the  surface  BriUouin  zone, 
we  find  two  states  with  binding  energies  of  0.7  and  1.2  eV  with  respect  to  EF- 
A  rumber  of  geometrical  models  and  their  corresponding  theoretical  surface 
state  bands  have  recently  been  published  for  Si(100)(2x  1).  Our  results 
disagree  qualitatively  with  all  surface  state  dispersions  calculated  to  date,  i.e., 
the  ideal  surface,  the  vacancy  model,  the  pairing  model,  and  the  zig-zag-chain 
model.  Namely,  we  observed  semiconducting  surface  state  bands  with  a  low 
state  density  at  Ep  while  all  models  calculated  to  date  yield  metallic  surface 
states  with  a  large  state  density  at  Ep.  (F.  J.  Himpsel  und  D.  E.  Eastman,  J. 
Vac.  Soc.  Technol.  16,  1297  (1979).) 

12.  Microscopic  compound  formation  at  the  Pd-Si(lll)  interface. 

Photoemission  studies  of  Pd  on  clean  Si(lll)  surfaces  show  that  formation  of 
the  Pd2Si  compound  dominates  the  microscopic  chemistry  and  properties  of 
the  Pd-Si  interface.  No  evidence  is  found  for  interface  dipoles  or  occupied 
metal-induced  interface  states  in  this  system.  The  Pd2Si  reaction  product  (a 
metal)  has  an  electronic  structure  more  like  that  of  the  noble  metals  than  the 
transition  metals,  with  an  occupied  4d  band  located  ~  2.75  eV  below  the 
Fermi  energy.  (J.L.  Freeouf,  G.W.  Rubloff,  P.S.  Ho,  and  T.S.  Kuan,  Phys. 
Rev.  Lett.  43,  1836  (1979).) 

13.  Silicide  Schottky  barriers:  an  elemental  description. 

A  model  for  reactive  Schottky  barrier  formation  has  been  proposed  and 
applied  to  silicide  contacts  on  silicon.  Approximate  workfunctions  calculated 
assuming  a  silicon  excess  near  the  silicide/silicon  interface  reconcile  measured 
barrier  heights  with  a  simple  Schottky  description  of  their  energetics. 
(J.L.  Freeouf,  Sol.  St.  Commun.  33,  1059  (1980).) 


14.  Geometrical  and  electronic  structure  of  Si(001)  and  Si(  111)  surfaces:  a  status  report. 

A  critical  review  of  recent  studies  of  the  geometrical  and  electronic  structure 
of  the  Si(001)  and  Si(lll)  surfaces  has  been  made.  Emphasis  is  placed  on 
low-energy  electron  diffraction  (LEED)  studies  of  the  geometrical  structure, 
photoelectron  spectroscopy  studies  of  the  electronic  structure,  and  theoretical 
studies  of  the  electronic  and  geometric  structure  of  the  Si(lll)-(2xl), 
Si( 111 )-(7 x 7),  Si( 111 )-( lxl),  and  Si(001)-(2x  1)  surfaces.  (D.E.  Eastman, 
J.  Vac.  Sci.  Technol.  (in  press).) 

B.  Electronic  Structure  of  Group  IV  And  Group  III-V  Semiconductors 

15.  Pbotoemission  spectroscopy  using  synchrotron  radiation,  n.  The  electronic  structure 
of  germanium. 

We  analyze  photoemission  spectra  for  Ge  obtained  for  photon  energies  6.5  £ 
hr  s  25  eV  and  determine  the  position  of  energy  bands  at  symmetry  points 
for  both  filled  and  empty  bands  within  1  Ry  of  the  gap.  This  experimental 
band  structure  is  obtained  using  a  recently  developed  anisotropic  direct- 
transition  model  of  photoemission  applicable  to  cleaved  single-crystal  semicon¬ 
ductors.  For  the  band-structure  determination  we  also  employ  a  direct  trans¬ 
ition  analysis  of  optical  spectra  obtained  by  others.  We  fit  nonlocal- 
pseudopotential  calculations  to  the  experimentally-determined  band  positions, 
and  thereby  determine  the  importance  of  both  energy  and  t  -  2,  angular 
momentum  nonlocaiity  in  the  pseudopotential.  Our  results  for  the  position  of 
high-lying  conduction-band  states  suggest  0  to  +  10%  self -energy  (exchange- 
correlation)  corrections  to  the  energy  of  electrons  excited  into  the  conduction 
bands.  Energy  bands  which  provide  a  good  fit  to  the  experimental  band 
positions  are  used,  along  with  pseudo-wave-function  matrix  elements,  to 
calculate  various  physical  properties  (photoemission  spectra,  optical-response 
functions,  and  one-electron  state  densities),  and  the  results  of  these  calcula¬ 
tions  are  compared  with  experiment.  The  quality  of  the  fits  obtained  indicates 
that  the  electronic  excited-state  (and  ground-state)  properties  of  Ge  for 
excitations  far  from  the  gap  are  described  well  by  a  one-electron  model.  (W. 
D.  Grobman,  D.  E.  Eastman,  and  J.  L.  Freeouf,  Phys.  Rev.  B 12,  4405 
(1975).) 

16.  Angle-resolved  photoemission  and  valence  band  dispersions  E(?)  for  GaAs:  Direct  vs. 
Indirect  Models. 

Angle-resolved  photoemission  measurements  for  GaAs(llO)  have  been  extend¬ 
ed  to  hr*  100  eV.  These  results  show  that  dominant  emission  peaks  are  due 
to  direct  transitions.  Weaker  one-dimensional  density  of  states  features 
sometimes  observed  are  due  to  surface  umklapp/secondary  cone  and  lifetime 
effects.  Accurate  band  dispersions  E(?)  for  all  four  valence  bands  of  GaAs 
along  the  [110]  direction  are  given  using  simple  normal  emission  and  off- 
normal  emission  methods.  Electron  and  hole  lifetimes  are  directly  determined. 
(T.-Chiang,  J.A.  Knapp,  and  D.E.  Eastman,  Sol.  St.  Commun.  31,  917  (1979). 

17.  Angle-resolved  photoemission  and  valence  band  dispersions  E(f)  and  electron  and 
hole  lifetimes  for  GaAs. 

Accurate  valence  band  dispersions  E(tT)  along  the  major  symmetry  directions 
r-2-X,  T-A-X,  nd  I-A-L  have  been  determined  for  GaAs  using  simple  angle- 
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resolved  photoemission  techniques  of  general  utility  with  synchrotron  radiation 
for  25  £  hr  £  100  eV.  At  these  photon  energies,  emission  features  can  be 
understood  within  the  direct  transition  model  and  spectral  peaks  can  be 
classified  roughly  into  two  categories:  one  being  those  associated  with  primary 
cone  emission  with  a  lifetime  broadened  free-electron-like  final  state  disper¬ 
sion,  and  the  other  (usually  weaker)  being  those  associated  with  secondary 
cone/surface  umklapp  emission  which  emphasizes  valence  band  critical  points 
with  high  state  densities.  Valence  band  dispersions  E(T)  along  the  T-K-X 
symmetry  line  perpendicular  to  the  surface  are  determined  using  normal 
emission  spectra  (primary  cone  peaks)  from  the  (110)  surface  at  various 
photon  energies.  Valence  band  dispersions  E(?)  along  T-K-X,  T-A-X,  and 
T-A-L  symmetry  lines  parallel  to  the  surface  are  determined  using  off-normal 
emission  spectra  (primary  cone  peaks)  from  the  same  (110)  surface  with  fixed 
perpendicular  component  of  the  electron  momentum  Akx  at  the  zone  center 
(extended  zqge  scheme)  and  varying  parallel  component  of  the  electron 
momentum  8kj,  which  are  obtained  by  suitably  varying  hr  and  emission 
angles.  Experimental  valence  band  dispersions  and  critical  points  are  com¬ 
pared  with  other  theoretical  and  experimental  results.  Simple  formulae  are 
derived  to  relate  the  widths  of  spectral  peaks  to  electron  and  hole  lifetimes. 
Initial  hole  lifetimes  at  valence  critical  points  and  typical  final  electron  life¬ 
times  are  obtained.  The  latter  yields  final  state  momentum  broadening 
(typically  £  10%  of  the  Brillouin  zone  size)  which  are  consistent  with  the 
direct  transition  model.  (T.-C.  Chiang  and  D.E.  Eastman,  Phys.  Rev.  (in 
press).) 

18.  Experimental  energy  band  dispersions,  critical  points,  and  spin-orbit  splittings  for 
GaSb  using  angle-resolved  photoemission. 

We  have  determined  energy  band  dispersions  E(f)  and  critical  points  for  GaSb 
using  angle-resolved  photoemission  techniques.  With  a  normal  emission 
configuration  and  photon  energies  between  24  and  95  eV,  the  valence  band 
dispersions  E(£)  have  been  obtained  along  the  T-K-X  direction,  with  the 
spin-orbit  splitting  Aj^Tj-l^)  clearly  observed.  With  an  off-normal  emission 
configuration,  we  have  also  determined  the  valence  band  critical  point  energies 
at  the  L  point,  with  the  spin-orbit  splitting  A1(L4|5-L6)  clearly  observed. 
Experimental  valence  band  critical  point  energies  at  T,  X  and  L  are  compared 
with  recent  theoretical  results.  Using  published  transition  energies  determined 
from  reflectance  measurements,  we  have  also  obtained  the  low-lying  conduc¬ 
tion  band  critical  point  energies.  These  valence  and  conduction  band  critical 
point  energies  are  tabulated  to  facilitate  comparisons  with  other  experimental 
and  theoretical  results.  (T.-C.  Chiang  and  D.E.  Eastman,  Phys.  Rev.  (in 
press).) 


C.  Electronic  Structure  of  Metal  Surfaces. 

19.  Observation  of  a  A, -Symmetry  Surface  State  on  Ni(l  1 1). 

An  s-p-like  intrinsic  surface  state  on  Ni(lll)  has  been  found  which  has  an 
energy  of  Ej  -  -0.25  eV  relative  to  the  Fermi  energy  at  T  and  lies  between 
the  L3  (Ej  at  -0.15  eV  and  L2'  (Ef  ->  -0.9  eV)  bulk  states.  Its  momentum 
dispersion  (E  vsTj)  and  hr-dependent  photoionization  cross  section  have  been 
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determined  using  angle-resolved  photoemission  with  synchrotron  radiation. 
The  existence  of  this  state  significantly  affects  spin-polarized  photoemission, 
chemisorption,  band-structure,  and  exchange-splitting  interpretations  for  Ni. 
(F.J.  Himpsel  and  D.E.  Eastman,  Phys.  Rev.  Lett.  41,  SOI  (1978).) 

20.  Intrinsic  A^symmetry  surface  state  on  Co(0001). 

An  intrinsic  surface  state  on  Co(0001)  has  been  found  using  angle-resolved 
photoe mission  with  synchrotron  radiation  which  has  an  energy  of  Ej-  -0.3  eV 
at  T  (zone  center)  relative  to  the  Fermi  energy  Ep  .  Its  symmetry  has  been 
determined  to  be  of  A  j  character  using  measurements  with  s-  and  p-polarized 
radiation.  Its  momentum  dispersion  (E  vs  Tj)  and  hr-dependent  photoioniza¬ 
tion  cross  section  have  also  been  determined.  At  the  zone  center  F,  the 
surface  state  lies  in  an  absolute  energy  gap  just  above  the  uppermost  A3f 
d-like  (Ej  m  -0.3S  eV)  bulk  state,  well  above  the  uppermost  sp-like,  At  state 
(Ej-  -1.15  eV),  and  below  occupied  A3|  d-like  bulk  states  near  F  (energies 
between  Ej  —  -0.05  eV  and  0).  As  previously  reported  for  Ni,  this  surface 
state  is  extremely  sensitive  to  absorbates  and  significantly  affects  field  emis¬ 
sion,  spin-polarized  photoemission,  chemisorption,  etc.  for  Co(0001).  (F.J. 
Himpsel  and  D.E.  Eastman,  Phys.  Rev.  B 20,  3217  (1979).) 

D.  Electronic  Structure  of  Metals  and  Metallic  Compounds. 

21.  Electronic  structure  of  the  thorium  hydrides  ThH2  and  Th4Hls. 

Photoelectron  spectroscopy  using  synchrotron  radiation  has  been  used  to  study 
the  electronic  structure  of  single-phase  stoichiometric  ThH2  and  Th4H,s. 
Th-derived  conduction  bands  are  observed  together  with  lower-lying  hybri¬ 
dized  bonding  bands.  For  Th4HI3,  a  narrow  d-like  conduction  band 
(~  0.6-eV  full  width  at  half-maximum)  separated  from  other  bands  by  a  2-eV 
band  gap  is  seen.  Energy-dependent  cross-section  measurements  for  the 
various  bands  have  been  used  to  determine  hybridization  and  angular  momen¬ 
tum  character.  (J.H.  Weaver,  J.A.  Knapp,  D.E.  Eastman,  D.T.  Peterson,  and 
C.B.  Satterwaite,  Phys.  Rev.  Lett.  39,  639  (1977).) 

22.  Experimental  band  structure  and  temperature-dependent  magnetic  exchange  splitting 
of  nickel  using  angle-resolved  photoemission. 

Using  angle-resolved  photoemission  and  synchrotron  radiation,  we  have 
determined  the  energy- vers us-momentum  valence-band  dispersion  relations  for 
a  Ni(lll)  crystal.  The  temperature-dependent  ferromagnetic  exchange  split¬ 
ting  has  been  directly  observed.  Both  the  d-band  width  (~3.4  eV  at  L)  and 
exchange  splitting  (0.31  eV)  are  much  smaller  than  theoretical  estimates 
(~4.5  eV  wide  at  L  with  ~0.7-eV  splitting,  respectively,  at  293  K.  (D.E. 
Eastman  and  F.J.  Himpsel,  Phys.  Rev.  Lett.  40,  1514  (1978).) 

23.  Direct  determination  of  lifetime  and  energy  dispersion  for  the  empty  A1  conduction 
band  of  copper. 

We  present  an  accurate  determination  of  the  energy  dispersion  (E  vs  k)  and 
the  first  direct  determination  of  the  energy-dependent  lifetime  T(E)  of  well- 
defined  excited  Bloch  states  in  a  crystal.  Using  angle-resolved  photoemission 
for  Cu(100),  we  find  that  the  lifetime  broadening  increases  from  r  -  1.2  eV 
(6xl0*16  sec)  for  A]  conduction-band  states  ranging  10.5  to  13.5  eV  above 
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the  Fermi  level.  The  measured  dispersion  (~2%  accuracy)  shows  a  reduced 
effective  mass  (m/n^-0.90 — 0.94)  which  is  related  to  self-energy  effects. 
(D.E.  Eastman,  J.A.  Knapp,  and  F.J.  Himpsel,  Phys.  Rev.  Lett.  41,  825 
(1978).) 

24.  Experimental  energy  dispersions  for  valence  and  conduction  bands  of  palladium. 

Using  angle-resolved  photoemission  with  synchrotron  radiation,  we  have 
determined  accurate  energy-versus-momentum  dispersion  relations  along  the 
<111>  direction  using  a  Pd(lll)  crystal.  The  energy  E  (<  0.1  eV  accuracy) 
and  the  momentum  parallel  to  the  surface  Tj  are  measured  directly.  The 
perpendicular  component  of  the  momentum  kx  is  obtained  from  the  measured 
final  energy  via  a  calculated  free-electron-like  final  band  that  is  found  to  be 
accurate  within  ±5%  of  the  zone-boundary  momentum  by  comparison  with 
certain  critical  points  that  have  been  measured  directly  (Lj,  r'2,  and  r15).  For 
the  initial  bands,  we  find  the  dispersions  of  the  two  d-like  A3  bands  and  of  the 
sp-type  A,  band.  Measured  critical  points  (in  eV)  for  bands  numbered  with 
increasing  energy  are:  I*234  ■  -2.55  ±  0.15,  r56  m  -1.15  ±  0.1,  T7  -  18.4 
±  0.5,  T?  -  21.7  ±  0.5,  L4’-  -0.4  ±  0.2,  L5  -0.1  ±  0.1,  and  Lj  -  7.7  ±  0.3. 
Spin-orbit  splitting  (~0.4  eV  maximum)  is  observed  for  the  upper  A3  band. 
(F.J.  Himpsel  and  D.E.  Eastman,  Phys.  Rev.  Bit,  5236  (1978).) 

25.  Experimental  energy-band  dispersions  and  exchange  splitting  for  Ni. 

Angle-resolved  polarization-dependent  photoelectron  spectroscopy  using 
synchrotron  radiation  has  been  used  to  determine  the  energy-versus- 
momentum  band  dispersions  and  magnetic  exchange  splitting  of  Ni.  Using 
Ni(lll)  and  Ni(100)  crystals,  the  band  dispersions  along  the  T-L  and  T-X 
lines  have  been  determined  for  the  s  and  d  bands.  The  temperature-dependent 
magnetic  exchange  splitting  AEez  of  the  upper  A3  band  has  been  directly 
observed  and  found  to  be  independent  of  momentum  IT  for  a  large  region  of 
the  Brillouin  zone.  The  experimental  value  of  AEex  >0.31  ±  0.03  eV  is 
smaller  than  recent  calculated  values  (0.6  S  AEex  <  0.9  eV)  obtained  with 
spin-polarized  self-consistent  band  calculations.  Also,  calculated  d-band 
widths  are  larger  (typically  40%)  than  measured  (3.4  eV  at  L).  Our  results 
are  consistent  with  Fermi-surface  data  and  the  polarization  reversal  observed 
in  spin-polarized  photoemission.  A  number  of  previous  contradictory  pho¬ 
toemission  studies  of  Ni  are  discussed  in  view  of  our  results.  The  observed 
bands  show  that  ferromagnetic  nickel  can  be  described  by  a  Stoner- Wohlfarth- 
Slater  spin-split  band  model.  (F.J.  Himpsel,  J.A.  Knapp,  and  D.E.  Eastman, 
Phys.  Rev.  B 19,  2919  (1979).) 

26.  Experimental  energy  band  dispersions  and  lifetimes  for  valence  and  conduction  bands 
of  copper  using  angle-resolved  photoemission. 

Energy  band  dispersions  and  electron  lifetimes  have  been  determined  for  both 
valence  and  conduction  band  states  of  copper  using  angle-resolved  photoemis¬ 
sion  with  polarized  synchrotron  radiation  in  the  5  £  hr  £  35  eV  photon 
energy  range.  Dispersion  relations  for  the  occupied  s-p  and  3d  bands  of  Cu 
along  the  T-X  and  T-L  symmetry  lines  (including  critical  points  at  T,  X,  and 
L)  have  been  determined  with  an  accuracy  of  0.05-0.1  eV  and  <  5%  of  the 
zone  boundary  momentum.  Band  symmetries  have  been  deduced  using  polari¬ 
zation  selection  rules.  The  dispersion  relation  has  also  been  accurately  deter¬ 
mined  for  the  unoccupied  At  conduction  band  along  T-X  at  ~1 0-1 5  eV  above 
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the  Fermi  energy  EF  ;  this  band  has  a  reduced  effective  mass  (mat.90-.94) 
which  is  related  to  self-energy  effects.  Lifetimes  have  been  directly  measured 
for  excited  hole  states  (the  lifetime  broadening  Th  increases  from  ~0.2  to 
0.S  eV  FWHM  for  d-band  energies  from  2  to  5  eV  below  Ep)  as  well  as  for 
excited  electron  states  in  the  A]  conduction  band  (Teatl.O  to  2.0  eV  for 
energies  10  to  IS  eV  above  Ep).  The  energy  dispersion  and  hr-dependent 
photoionization  cross  section  of  the  s-p  surface  state  on  Cu(lll)  are  reported. 
Previous  theoretical  and  experimental  studies  of  copper  are  compared  with  our 
accurate  E  vs.  t  dispersions.  (J.A.  Knapp,  F.J.  Himpsel,  and  D.E.  Eastman, 
Phys.  Rev.  B 19,  49S2  (1979).) 

27.  Temperature  dependence  of  bulk  and  surface  energy  bands  in  copper  using  angle- 
resolved  photoemission. 

We  have  directly  measured  thermally  induced  changes  in  surface  and  bulk 
energy-band  dispersions  of  copper  by  examining  angle-resolved  photoemission 
from  Cu(lll)  and  Cu(100)  surfaces  for  temperatures  from  25  to  500°C. 
Polarized  synchrotron  radiation  was  used  as  the  photon  source.  Observed 
shifts  in  the  bulk  band  structure  are  in  reasonable  agreement  with  energy  shifts 
calculated  for  the  corresponding  temperature-dependent  lattice  changes.  The 
measured  temperature  coefficient  for  the  upper  d  band  along  A  is 

I. 5(±0.1)x  10*4  eV/K,  while  the  lower  edge  of  the  d  bands  shifts  by 
2.0(±0.2)xl0'4  eV/K.  The  d-band  width  decreases  with  temperature  at  a 
rate  of  0.5(±0.2)x  lO*4  eV/K  as  it  shifts  to  higher  energy.  The  Cu(lll) 
surface  state  shifts  toward  Ep  with  a  measured  temperature  coefficient  of 
2.7(±0.l)xl0-4  eV/K.  (I.A.  Knapp.  F.J.  Himpsel,  A.R.  Williams,  and  D.E. 
Eastman.  Phys.  Rev.  B 19,  2844  (1979).) 

28.  Symmetry  method  for  the  absolute  determination  of  energy-band  dispersions  E(?) 
using  angle-resolved  photoelectron  spectroscopy. 

Angle-resolved  spectra  for  emission  in  a  mirror  plane  as  a  function  of  emission 
ang. ;  and  photon  energy  hr  show  critical-point  behavior  in  interband  intensi¬ 
ties  for  transitions  on  zone  boundaries.  For  such  transitions,  the  absolute 
energies  E  and  crystal  momentum  T  for  both  the  initial  and  final  states  are 
given  by  hr  and  the  emission  angle.  E(£)  dispersions  have  been  determined 
for  several  d  bands  and  conduction  bands  along  the  A,  A,  and  e  axes  of 
copper.  (Eberhard  Dietz  and  D.E.  Eastman,  Phys.  Rev.  Lett  41,  1674 
(1978).) 

29.  Experimental  band  dispersions  E(f)  along  three  main  symmetry  lines  of  LaB6  using 
angle-resolved  photoemission  from  one  crystal  surface. 

Accurate  valence  band  dispersions  E(f)  of  LaB6  have  been  determined  along 
three  main  symmetry  lines  I'M,  TX,  and  XM  using  one  single  crystal  (001) 
surface  by  a  simple  new  photoemission  technique  of  general  utility.  Using 
direct  interband  transitions,  E(f)  dispersions  are  mapped  out  by  suitably 
scanning  polar  emission  angle  and  the  photon  energy.  Detailed  results  agree 
well  with  recent  Xa-APW  energy  band  calculations.  (M.  Aono,  T.-C.  Chiang, 

J. A.  Knapp,  T.  Tanaka,  and  D.E.  Eastman,  Sol.  St.  Commun.  32,  271 
(1979).) 
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30.  Experimental  exchange-split  energy  band  dispersions  for  Fe  and  Co. 

Using  angle-resolved  photoemission  with  single  crystal  Fe(lll)  and  Co(0001) 
we  have  determined  accurate  exchange-split  energy  band  dispersions  E(1c) 
along  symmetry  lines.  For  Fe,  Co,  and  Ni,  respectively,  occupied  d-band 
widths  are  3.1  eV  (P),  3.8  eV  (L)  and  3.4  eV  (L,X)  while  exchange  splittings 
are  ~1.5  eV  (P),  ~1.1  eV  (r)  and  0.3  eV  (near  L).  Comparison  with  theory 
shows  that  state-of-the-art  ab-initio  calculations  describe  the  strong  ferromag- 
nets  Fe  and  Co  much  better  than  Ni.  (D.E.  Eastman,  F.J.  Himpsel  and  J.A. 
Knapp,  Phys.  Rev.  Lett.  44,  9S  (1980).) 

31.  Experimental  energy  band  dispersions  and  magnetic  exchange  splitting  for  cobalt. 

We  have  determined  E  vs.  T  energy  band  dispersions  of  cobalt  for  s-  and 
d-bands  along  the  hexagonal  axis  TAA  ([0001]-direction)  via  angle  resolved 
photoelectron  spectroscopy  from  a  Co(0001)-face  using  synchrotron  radiation. 
We  obtain  the  magnetic  exchange  splitting  at  T  for  the  upper  d-band 
(0.85±0.2  eV)  and  lower  d-band  (1.2±0.3  eV).  The  overall  occupied  d-band 
width  (~3.8  eV  at  L)  is  about  20%  narrower  than  a  state-of-the-art  self- 
consistent  band  calculation  using  a  local  density  theory  of  exchange- 
correlation.  The  top  of  the  majority  spin  d-bands  is  0.3S  eV  below  EF.  There 
is  a  small  T-centered  minority  electron  pocket  at  EF  which  explains  previously 
unidentified  deHaas  van  Aiphen  orbits.  We  present  dipole  selection  rules  for 
the  A  axis  of  a  hep  lattice  and  show  that  the  number  of  allowed  transitions  is 
reduced  drastically  for  emission  along  the  A-axis.  The  allowed  transitions  can 
be  interpreted  in  the  same  way  as  those  for  emission  normal  to  a  (1 1 1)  face  of 
a  fee  lattice.  (F.J.  Himpsel  and  D.E.  Eastman,  Phys.  Rev.  (in  press).) 


E.  Studies  of  Electronic  Many-Electron  Effects.. 

32.  Resonant  photoemission  shake-up  and  Auger  processes  at  the  3p  photothreshold  in  Ga 
and  GaP. 

Resonant  photoemission  3d8  shake-up  satellites  in  Ga  metal  and  GaP,  which 
are  closely  related  to  M2'3M4  3M4  s  Auger  transitions,  have  been  observed  at 
the  3p  phototbreshold  of  Ga.  By  analyzing  the  line  positions,  multiplet 
structure,  and  resonant  behavior  near  threshold,  we  have  determined  the 
excitonic  binding  energies  and  correlation  energies  for  various  one-hole  and 
two-hole  excited  states.  While  these  two-hole  excitations  in  Ga  metal  and 
GaP  are  similar  because  of  their  quasi-atomic  nature,  important  differences  are 
observed  which  are  due  to  different  final  state  screening  mechanisms  for  a 
metal  and  an  insulator.  The  present  results  are  compared  with  those  for  Cu 
and  Ni.  (T.-C.  Chiang  and  D.E.  Eastman,  Phys.  Rev.  (in  press). 

33.  Observation  of  the  transition  from  the  adiabatic  to  the  sudden  regime  for  the 
M3M4  3M4  S(1G)  Auger  excitation  in  zinc. 

We  have  observed  that  the  photoexcited  M3M4  5M4  s  (*G)  Auger  line  in  Zn 
asymmetrically  broadens  to  lower  energy  with  increasing  photon  energy.  The 
broadening  can  be  described  by  a  change  in  the  asymmetry  parameter 
Aa«0.09  using  a  Doniach-Sunjic  lineshape.  This  is  the  first  evidence  for  the 


transition  from  the  adiabatic  to  the  sudden  regime  in  a  solid.  The  onset  of  this 
change  ~  14  eV  above  threshold  is  related  to  3d  screening  electron  excita¬ 
tions  which  are  seen  as  3p  core  level  satellites.  (F.J.  Himpsel,  D.E.  Eastman, 
and  E.E.  Koch,  Phys.  Rev.  Lett.  44,  214  (1980).) 

Two-electron  resonances  at  the  3p-threshold  of  Cu  and  Ni. 

A  sharp  3d-electron  satellite  excitation  has  been  found  for  Cu  which  exhibits  a 
strong  resonant  enhancement  (~x5)  at  the  Cu  3p  core  level  threshold  similar 
to  the  6  eV  resonant  satellite  observed  previously  in  Ni.  This  satellite,  which 
has  two  peaks  at  11.8  and  14.6  eV  below  Ep,  is  identified  as  a  quasi-atomic 
two-electron  excitation  with  two  3d-holes  plus  one  4s  electron  (3d84s).  Pres¬ 
ent  models  for  the  Ni  resonant  satellite  are  not  able  to  describe  our  Cu  results. 
(M.  Iwan,  F.J.  Himpsel,  and  D.E.  Eastman,  Phys.  Rev.  Lett.  43,  1829 
(1979).) 
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